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A B S T R A C T
We study the effect of three types of mesoporous silica (MPS) particles on the flow of three common excipients: microcrystalline cellulose, lactose and maize starch.
While MPS are commonly considered as excipient and also as drug delivery carrier, the effects of MPS as flow aid additive and as powder stabilizer are investigated.
MPS particles, called additive in the present study, are found to decrease powder cohesiveness, in particular for powders having higher water content and higher
initial cohesiveness. According to both particle and pore size of MPS particles, the effect can be immediate (for small MPS particles having small pore size) or on the
longer term (for larger MPS particles having higher pore size). Moreover, the electrostatic properties of the blends are modified by the presence of MPS. The quantity
of electrostatic charge created in the blends during a flow in contact with stainless steel is decreased by the addition of MPS. We show that this decrease is induced by
a modification of electric resistivity.
1. Introduction
Granular materials, fine powders and nanostructured powders are
widely used in pharmaceutical industrial applications [1–4]. In parti-
cular, excipients are necessary in many dry powder formulations (dry
powder inhalers, tablets, and capsules) [5,6]. Therefore, any additional
information regarding their behavior and any recommendation about
the use of additives could have huge consequences for the optimization
of industrial processes or to avoid technical issues (caking, clogging,
noncompliance or unconformity of the by-product), in particular in the
framework of continuous manufacturing [7]. Understanding the beha-
vior of powders and the interactions between the grains (commonly
called particles in pharmaceutical sciences) is also crucial to perform
drug modeling [8,9].
Powder behavior is influenced by (i) steric repulsions, (ii) friction
forces (iii) cohesive forces and (iv) interaction with the surrounding gas
[10,11]. The steric repulsion is related to the grain geometry. Friction
forces are influenced by both the surface state (rough or smooth sur-
face) and the chemical nature of the grains. Cohesive forces may be
induced by the presence of liquid bridges, by electrostatic charges, by
van der Waals interactions or more rarely by magnetic dipole-dipole
interactions. The predominance of one of these forces depends on both
the environmental conditions and the physico-chemical properties of
the grains.
When two materials are rubbed, electric charges are exchanged at
the surfaces. This contact electrification is an old fundamental scientific
subject. However, despite the numerous studies dedicated to this sub-
ject, the fundamental mechanisms behind the triboelectric effect are not
fully understood in powders and granular materials [12]. The electric
charges created by triboelectric effects lead to uncontrolled electric
field, electrostatic forces between the grains and/or between the grains
and the container. The difficulties to understand triboelectric processes
in powders are related to the non-equilibrium character of the tribo-
electric exchange and to the variety of mechanisms behind this effect:
impact, rolling and sliding (or rubbing). Moreover, the nature of contact
inside a powder (normal forces, contact areas, …) are difficult to
quantify. Powder electrostatics is a very active subject of investigation
[12–19] with many applications related to pharmaceutical industries
[20–22].
Moisture is known to affect both static and dynamic behaviors of
granular materials [23] and is also affecting the stability of pharma-
ceutical solid formulations [24]. However, the effect of moisture is far
from obvious due to the interplay with electrostatic effects [16,25,26].
Indeed, moisture influences both surface grains conductivity and ca-
pillary bridges formation. For low relative air humidity, the electrical
conductivity necessary for charge dissipation is reduced. For high re-
lative air humidity, the electrical conductivity increases and liquid
bridges may be formed at the contacts between the grains, resulting in
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sticking. Therefore, the electrical charges are dissipated more easily.
However, the apparition of liquid bridges also induces cohesive forces
inside the packing. At intermediate relative humidity values the cohe-
sion is expected to be lower. Finally, it has been shown that air hu-
midity modifies also van der Waals interactions [27].
Mesoporous silica (MPS) is interesting powders for pharmaceutical
applications because of their adjustable porosity, high surface area,
high density of OH-groups, inertness and good biocompatibility
[28–32]. They are used as glidant, carriers, moisture stabilizer and to
ensure stability of an amorphous state. MPS is also considered as an
excipient improving tableting processes. Moreover, effect on powder
electrostatics is expected [17]. Compared to fumed silica used classi-
cally as flow aid additive in powder industry, MPS is less pulverulent
and has a higher moisture adsorption capacity. Finally, MPS are con-
sidered as drug delivery carrier in some applications.
In the present paper, we show how a small fraction of mesoporous
silica (MPS) particles modifies the flowing properties of three common
excipients. Therefore, MPS particles are considered as flow aid additive.
In particular, we show that these additives are playing a role on both
capillary bridges and electrostatic charges (see Fig. 1) to decrease co-
hesiveness. For that, the rheological properties of the excipients with
different types of MPS particles and with different concentrations are
measured with GranuDrum instrument. In parallel, the electrostatic
behavior of the blends is analyzed using both triboelectric and re-
sistivity measurements. Moreover, the cohesiveness temporal evolution
after the addition of MPS is analyzed. Beyond the particular case of
excipient/MPS blends, the present paper shows how a flowability
measurement method associated with a recently developed powder
triboelectrometer can help understand the physical properties of
powder blends. The effect of other porous materials could be considered
[33] in the future.
2. Materials and methods
2.1. Materials
2.1.1. Mesoporous silica
Three MPS produced by Grace Company under the name Syloid®
silica have been selected. Table 1 shows the main characteristics of the
selected MPS and Fig. 2 shows micrographs. All the selected MPS are
micrometric. Syloid® 244FP silica has the smallest average particle size
and an intermediate pose size (PS). Syloid® AL-1FP silica particle size is
slightly higher and has the lowest pore size. Finally, Syloid® XDP3050
silica has the highest particle size and also the highest pore size. All
these MPS have low initial water content (see Table 1). In the present
study, these MPS particles are considered as flow aid agent.
2.1.2. Excipients
Three excipients widely used in industry have been selected: Avicel®
PH101, which is microcrystalline cellulose, Pharmatose® 200M, which
is a mono-hydrate lactose and Maize starch. Microcrystalline cellulose
and Lactose are crystalline whereas maize starch is semi-crystalline.
Before the measurements presented in this paper, the excipients have
been stored in our lab for at least one year after receiving them from
collaborators. Therefore, the history of the samples is unknown and
their properties could not correspond to the specifications of the pro-
ducers for fresh powders. In addition to the water content wt%, Table 1
shows the main granulometric indicators of the selected excipients and
Fig. 2 shows micrographs.
Fig. 1. Principle of the present study. MPS are playing a role on both capillary
bridges and electrostatic charges to decrease cohesive forces.
Table 1
Summary of powder characteristics: water content wt%, granulometric in-
dicators obtained with laser diffraction method (Median d(v,0.5) and extreme
values d(v,0.9) and d(v,0.1)), pore sizes (PS) and surface area (SA).
wt% d(v,0.1) d(v,0.5) d(v,0.9) PS SA
% μm μm μm nm m2/g
Maize Starch Maize 14.4 8.8 13.6 21 –
Pharmatose® 200M Lactose 5.5 13.8 52.6 136.3 –
Avicel® PH101 Avicel 4.5 19.3 51.1 107.1 –
Syloid® 244FP silica S244 3.5 1.5 3 4.7 17 300
Syloid® AL-1FP silica SAL1 1 2.7 8 17.7 2,5 700
Syloid® XDP3050
silica
SXDP 3.7 32.2 50 85.7 25 300
Fig. 2. Micrographs of MPS (right) and excipients (left).




The GranuDrum instrument is an automated powder flowability
measurement technique based on the rotating drum principle. Powder
and granular flow in this geometry has been widely studied from a
fundamental point of view and the interest of the drum geometry for
the measurement of the flowing properties of powders has been evi-
denced by different research teams [11,34–37]. A horizontal cylinder
with vertical glass sidewalls called drum is half filled with the sample of
powder. The drum rotates around its axis at an angular velocity ranging
from 2 RPM to 10 RPM for the present study. This speed range has been
selected to avoid the intermittent regime of low rotating speed and to
be far from centrifugation. A CCD camera takes snapshots (50 images
separated by 0.5s) at each angular velocity. The air/powder interface is
detected on each snapshot with an edge detection algorithm. Afterward,
the average interface position and the fluctuations around this average
position are computed. Then, for each rotating speed, the flow angle
(not considered in the present study) is computed from the average
interface position and the dynamic cohesive index σ is measured from
the interface fluctuations. Indeed, interface fluctuations are induced by
the cohesive forces between the grains. The dynamic cohesive index σ is
close to zero for non-cohesive powders and increases when the cohesive
forces intensify. In addition, this method gives the opportunity to study
complex rheological properties of powders (shear thinning, shear
thickening and thixotropic behavior) by varying the rotating speed.
2.2.2. GranuCharge
GranuCharge is a recently developed triboelectric charger used to
measure the total electrostatic charge created inside a granular material
during a flow in contact with a selected material [26]. The sample is
poured manually (the feeding could be automated) in a V-tube and
flows to a Faraday cup. The V-tube is an assembly of two tubes of length
L=350mm and internal diameter D= 47mm to form a V shape with
an angle of 90°. For the present study, 316 L stainless steel (S.S.) has
been selected. The Faraday cup is connected to a dedicated electro-
meter able to measure electrostatic charges. At the end of the flow, the
total value of the electric charge Q present in the powder is measured
and the charge density q=Q/m, where m is the sample mass, is
computed.
2.2.3. Resistivity
The measurement cell described in the norm IEEE 548–1984 has
been used to measure powder electrical resistivity ρe. An electric po-
tential difference ΔV=500 V is applied by a power supply (Keithley
2260B-800-1) on a powder bed having height h=5mm and the cur-
rent I is measured with a pico ammeter (Keithley 6514). The measuring
electrode surface is Se= 507mm2. The measurements were performed
in ambient conditions at a temperature of 21 °C and a relative humidity









The water content of MPS were measured by Grace, while the ex-
cipients water content was measured with the following methods. A
sample of mass mwet is spread in a crystallizing dish and placed in an
oven at 110 °C. The powder mass mdry is measured after 24 h. We
checked after a second drying period of 24 h that the sample mass is
stable. Finally, the water content wt% is computed with the relation: wt
%=100 (mwet-mdry)/mdry.
2.2.5. Granulometry and microscopy
Particle size distributions of excipients were measured in dry mode
with a laser diffraction particle size analyzer (Malvern, Mastersizer
2000, Sirocco dispenser). The measurements are performed based on
the MIE theory with the use of the general-purpose calculation model
(normal sensitivity). The samples are analyzed in triplicate and the data
presented correspond to the average value.
Micrographs were recorded with a scanning electron microscope
(XL 30 FEG-ESEM, FEI) for MPS and (JEOL, JSM-IT300LV) for ex-
cipients.
2.2.6. Mixing
The mesoporous silica additives have been mixed with the ex-
cipients with a Y-shaped rotating mixer (Filtra, FTLMV-02) for 10min
at 38 rotations per minute. The volume of powder introduced in the
mixer was 200ml.
2.2.7. Design of experiment
Three excipients (Maize, Lactose and Avicel) were mixed with three
fractions (0.5%, 1% and 2%) of three types of MPS particles (S244,
SAL1, SXDP). The excipients alone were also considered, leading to a
set of 30 samples. Since water transfer between excipient and MPS
particles was expected, we decided to perform the cohesiveness mea-
surement after a repose time of at least 24 h following the mixing
process. For a selection of five blends (Avicel + 2% S244,
Lactose + 2% S244, Maize + 2% S244, Lactose + 2% SAL1 and
Lactose + 2% SXDP) the evolution of the cohesiveness has been mea-
sured during a period of approximately two months. For all the sam-
ples, we stopped the measurements when the cohesiveness reached
clearly a plateau. The electrostatic measurement has been performed at
the end of this waiting period of two month to analyze stable blends.
For the fastest dynamics, we repeated the mixing process and per-
formed a measurement directly after the mixing to check the in-
stantaneity of the effect of the MPS. Finally, in order to check the va-
lidity of our interpretation of the effect of MPS particles on the
electrostatic charges, resistivity measurement has been performed.
3. Results and discussion
3.1. Influence of MPS on the flow
Fig. 3 shows the cohesive index σ measured with GranuDrum as a
function of the rotating speed for a selection of two excipients (Lactose
and Maize starch) with 2% of S244 additive and also without any
Fig. 3. Dynamic cohesive index σ measured with GranuDrum as a function of
the rotating speed for a selection of two excipients (Lactose and Maize starch)
with and without 2% of S244FP additive. The error bars on Maize alone are
corresponding to a standard deviation computed over five measurements. The
other error bars are corresponding to a typical error of 5%.
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additive. These two excipients have been selected to be plotted in Fig. 3
because Maize has the highest cohesiveness and because the effect of
MPS on Lactose depends on the flow speed. The effect of the additive on
maize starch cohesiveness is particularly important on the whole range
of rotating speeds: the cohesiveness is drastically decreased. Moreover,
the Maize starch associated with the additive shows a shear-thinning
behavior (improvement of the flowability for high speeds) that could be
useful for application needing high speed flows. Concerning Lactose, we
do not observe any significant effect at low speed. However, due to
shear-thinning behavior induced by the additive, the cohesiveness is
lower for higher rotating speed. Therefore, in addition to the cohe-
siveness reduction, MPS particles are modifying the rheological prop-
erties. The measurement in GranuDrum with the excipients alone has
been repeated five times to compute the standard deviation in order to
estimate the measurement reproducibility. With the selected measure-
ment parameters, the standard deviation is always lower than 5% of the
average. In particular, the higher standard deviations were obtained
with Maize (see error bars for Maize alone in Fig. 3) because the fluc-
tuations are higher with highly cohesive powder. Therefore, this esti-
mated error of 5% used to draw the error bars in the plots are corre-
sponding to the worst-case scenario. Recording more images of the
rotating drum can minimize this error.
In order to compare the effect of the whole set of additives on all
excipients, we focus on the cohesiveness at a rotating speed of 10RPM.
This rotating speed is moderate and corresponds to applications with
typical flow speed of 45mm/s. To estimate this flowing speed, we
consider the linear speed of the drum wall that corresponds to the speed
of the grains for non-cohesive granular materials [34] at the powder/air
interface due to mass conservation. We would like to emphasize that
this flowing speed evaluation is only intended to give a rough estima-
tion and that the validity of this estimation will decreases when the
powder cohesiveness will increases. Fig. 4 shows the cohesiveness at
10RPM for three MPS concentrations (0.5%, 1% and 2%). The mea-
surements were performed between 24 and 48 h after the mixing pro-
cess. Globally, the effect of MPS on Avicel is low. Among the considered
excipients, Avicel has the lowest cohesiveness and the lowest water
content (see Table 1). Therefore, MPS additives do not have the op-
portunity to play a significant role on the flow. We will see hereafter
that the additives are playing a role on electrostatic properties of
Avicel. Concerning the other excipients (Lactose and Maize starch),
both additives S244 and SAL1 are decreasing the cohesiveness. The
effect of S244 is particularly important even at the lowest considered
concentration (0.5%). MPS efficiency on Maize and Lactose is certainly
due to their relatively high-water content (see Table 1). The small S244
particles are covering the larger excipients grains and are adsorbing
efficiently the water at their surface. This scenario is depicted in Fig. 1.
This water adsorption by MPS grains is expected to decrease capillary
forces inside the bulk. On short term, the effect of SXDP corresponding
to relatively larger grains with larger pore size is low. Therefore, on the
short term, the cohesiveness decrease is more important with smaller
MPS grains having small pore size and on excipients having higher
water content and higher initial cohesiveness.
3.2. Cohesiveness temporal evolution
Since water exchange is expected to play an important role in the
Fig. 4. (a) Typical pictures of the flow inside the
rotating drum. (b–d) Variation of the dynamic co-
hesiveness σ induced by the additives on the ex-
cipients at a rotating speed of 10RPM. The mea-
surements were performed between one and two
days after the mixing process. Blue, red and green
bars are corresponding respectively to the addition
of S244, SAL1 and SXDP MPS particles. Blue, red
and green bars are corresponding respectively to the
addition of S244, SAL1 and SXDP. The error bars are
corresponding to a typical error of 5%. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
Fig. 5. Temporal evolution of powder blends cohesiveness at 10RPM. The error
bars are corresponding to a typical error of 5%.
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considered blends, a powder modification on the long term is possible.
GranuDrum measurements have been repeated during a period of ap-
proximately two months with a selection of five blends. Fig. 5 (top)
shows that the effect of S244 additive on the cohesiveness is immediate.
Afterward, the cohesiveness is stable or decreases slightly to reach a
plateau. Indeed, S244 MPS particles have small pore size and a higher
surface area's containing a high density of OH groups. Therefore, the
S244 MPS particles are able to bound more water to create a stable RH
in the powder. This additive can be used to stabilize powder physical
properties. The effect of SAL1 is lower but also immediate (see Fig. 5
(bottom)). This additive can also be used to protect moisture-sensitive
ingredient. The larger SXDP particles having also the larger poresize do
not modify cohesiveness on short term. However, a cohesiveness de-
crease is observed on the long term to reach the cohesiveness of the
blend containing SAL1 additive. Therefore, these relatively big particles
are able to load liquid on longer terms and can be used to incorporate
liquids into powder formulations without degrading its flowability.
3.3. Electrostatic charges
It is well known that the effect of capillary bridges and electrostatic
charges on powder cohesiveness is coupled [16,25,26]. Therefore, the
electrostatic properties of the blends have been analyzed with the
powder triboelectrometer called GranuCharge. In particular, the charge
density obtained after a flow against 316 L stainless steel was measured
for the excipients and for three concentrations of additive (see Fig. 6).
The measurements where performed approximately 40 days after the
mixing process with a relative air humidity of 32%±2% at a tem-
perature of 23 °C ± 1 °C. Therefore, the electrostatic measurements
have been performed after stabilization of the cohesiveness. All the
considered excipients charge negatively against stainless steel when
they are alone. Taken as a whole, the addition of MPS decreases the
ability of the blends to charge, even for low MPS concentrations. Even if
the MPS do not modify significantly the cohesiveness of Avicel, the
chargeability is found to decrease drastically. We will clarify this point
in the section dedicated to electrical resistivity. Two blends are showing
a more complex behavior: Lactose + S244 and Lactose + SAL1. Lactose
powder alone charges negatively and the charge becomes slightly po-
sitive after the addition of MPS. During previous investigations, we
observed that the sign of the charge density obtained with lactose could
change with relative air humidity. In particular, positive charges were
obtained for very low (less than 20%) relative humidity. Since MPS are
adsorbing the humidity at the surface of lactose grains, this transition
from negative to positive electrostatic charges is not surprising.
3.4. Resistivity
The exchange of water between excipient grains and MPS modifies
the water distribution inside the powder and thus a modification of
electric resistivity is expected. Moreover, this resistivity modification
will influence the tribo-electric properties of the powder. The resistiv-
ities of the excipients and of the blends with 2% of additives have been
measured (see Fig. 7). Typically, powder resistivity measurements lead
to significant fluctuations of the results because of the difficulty to
generate a homogenous powder bed having always the same density in
the cell. A repetition of the measurements for the excipients alone gives
an estimation of 20% for the error. Concerning the excipients alone,
Lactose and Avicel have almost the same resistivity while starch has a
resistivity 1000 times lower. This could explain partially the lower
chargeability of starch. With Avicel, the addition of MPS decreases
drastically the resistivity and this decrease could explain the effect of
MPS on electrostatic chargeability observed in the previous section. The
effect of the additive on starch resistivity is weak because starch alone
has already a relatively low resistivity, probably due to its high-water
content. With all the considered excipients, the resistivity is decreased
after the addition of MPS and the effect is particularly important with
S244.
MPS grains are adsorbing the humidity contained in the excipients
or at their surface. Therefore, the humidified MPS grains could produce
a network having a low resistivity and this network could enhance the
diffusion of electrostatic charge and then reduce the tribo-electric
chargeability. This scenario is depicted in Fig. 1. In order to check that
humidity decreases MPS resistivity, the resistivity has been measured
with fresh MPS samples and with humidified MPS samples (see
Fig. 7(a)). The humidified samples were simply in contact with ambient
air for one week (40% RH and 21 °C). The resistivity is found to de-
crease after this humidification process. In Fig. 7(a), the resistivity is
plotted in logscale. Therefore, the resistivity decrease of MPS with
humidity is important.
4. Conclusion
The effect of three types of MPS (different grain and pore sizes) on
both flowability and electrostatic properties of excipients has been
Fig. 6. (a) Sketch of GranuCharge instrument. (b–d)
Charge density obtained after a flow against 316 L
stainless steel for different MPS concentrations. In
order to facilitate the comparison, the same charge
density scale is used for the different plots. The error
bars are corresponding to a standard deviation
computed over three measurements.
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analyzed. Taken as a whole, the excipient cohesiveness decreased after
the addition of MPS. In addition to the cohesiveness reduction, MPS
particles are modifying the powder rheological properties. In particular,
a shear thinning behavior that could be interesting for high-speed
processes is induced. The reduction of the cohesiveness is particularly
pronounced for small MPS particles having small pore sizes (S244)
associated with excipients having higher water content. With larger
MPS grains (SXDP) having also a larger poresize, the cohesiveness de-
crease is observed only after a waiting time of a few days. Afterward,
the cohesiveness still stable. The stronger and faster effect obtained
with small MPS grains is probably due to the combination of a smaller
poresize and a higher number of excipient/MPS contacts. Smaller pore
size induces a faster capillary suction and MPS grains quickly adsorb
the humidity contained at the surface of excipient grains.
The measurements performed with GranuCharge triboelectrometer
show that the presence of MPS grains decreases the density of tribo-
electric charges produced during a flow. This effect could be explained
by a decrease of the electric resistivity induced by MPS. The MPS grains
are adsorbing the humidity contained in the excipients and are forming
a network having a low resistivity, improving the diffusion of electro-
static charges. Therefore, MPS particles are playing a role on both ca-
pillary bridges and electrostatic charges to decrease cohesiveness.
A systematic study of the influence of both grain and pore size of
MPS additive is a perspective. Moreover, the effects evidenced in the
present paper with MPS could be investigated with other porous ma-
terials.
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